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ModelingAbstract In this study, the effect of temperature on the rheological properties and weight loss of a
water based bentonite drilling mud modified with iron oxide nanoparticle (nanoFe2O3) was inves-
tigated. The bentonite contents in the drilling muds were varied up to 6% by the weight of water
and temperature was varied from 25 C to 85 C. The nanoFe2O3 content was varied between 0
and 1% by the weight of the drilling mud to modify the rheological properties of the drilling
mud. The nanoFe2O3 and bentonite clay were characterized using the X-ray diffraction analysis
(XRD) and thermal gravimetric analysis (TGA). In the TGA study, the total weight loss at
800 C for the bentonite decreased from 13% to 1.16%, a 91% reduction when the bentonite clay
was mixed with 1% of nanoFe2O3. The results also showed that 1% of nanoFe2O3 increased the
rheological properties of the drilling mud. The nanoFe2O3 modification increased the yield stress
(so) and plastic viscosity (PV) by 45–200% and 20–105% respectively based on the bentonite con-
tent and temperature of the drilling mud. The shear thinning behavior of the bentonite drilling mud
with and without nanoFe2O3 has been quantified using the hyperbolic model and compared with
three parameters Herschel–Bulkley model. The results showed that the hyperbolic model predicted
the shear thinning relationship between the shear stress and shear strain rate of the nanoFe2O3
modified bentonite drilling mud very well. Also the hyperbolic model has a maximum shear stress
limit whereas the Herschel–Bulkley model did not have a limit on the maximum shear stress. Based
on the hyperbolic model the maximum shear stress for the 2%, 4% and 6% bentonite drilling muds
without nanoFe2O3 at room temperature were 25 Pa, 35 Pa and 51 Pa respectively. The maximum
shear stress for the 2%, 4% and 6% bentonite drilling muds modified with 1% nanoFe2O3 at 25 C
were 59 Pa, 84 Pa and 140 Pa respectively, hence an increase of 135–175% in the ultimate shear
stress produced by the nanoFe2O3 treated bentonite was observed. Effects of bentonite content
and nanoFe2O3 content on the model parameters have been quantified using a nonlinear model
(NLM). The NLM quantified the effect of nanoFe2O3 treatment on all the model parameters.
 2016 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).modiﬁed
2 A.S. Mohammed1. Introduction
Multi-functional water based drilling fluids, especially water–
bentonite suspensions have been used in the oil, gas and
geothermal drilling industry for decades. The drilling muds
are required to transport the rock cuttings to the surface, lubri-
cate and cool the drill bit and apply hydrostatic pressure in the
holes bore to ensure safety in the well with varying tempera-
tures. Bentonite has been used worldwide as drilling fluid addi-
tive [1,2]. The main function of bentonite is to increase the
viscosity of the mud and to reduce the fluid loss to the forma-
tion. A good quality bentonite used in drilling mud should
contain mainly montmorillonite [2,3]. Bentonite often contains
other clay minerals such as illite and kaolinite and clay compo-
nents such as quartz and feldspar. Because the sodium based
montmorillonitic clays have the highest swelling capacity
(which is responsible for viscosity build up and formation of
low permeability filter cake); the presence of other materials
will have an adverse effect on bentonite quality [1]. Based on
72 data collected from the literature (CIGMAT data base)
the amount of bentonite used in water based drilling muds var-
ied from 0.5 to 14% (by weight of water). Over 50% of the
studies used up to 6% of bentonite in water based drilling
mud [4].
In the past 10 years, nanotechnology has contributed to
new developments in the oil industry. The drilling mud needs
improvement of the viscosity, cooling and lubricating the dril-
ling bit, transport cuttings out of the well, prevent formation
damage, keep the geological formations stable, be thermally
stable, easy to pump, environment friendly and stabilize the
pressure in the well. Improved rheological properties can lead
to benefits like reduced formation damage and improved
recovery, less friction and longer wells and more stable bore-
holes [2–6]. Since the nanoparticles are extremely small in size
(less than 100 nm), nanoparticles are preferred to be used in
drilling mud design as their abrasive forces are negligible with
less kinetic energy impact. In addition to many advantages of
using nanoparticles in the mud design it is safer than conven-
tional mud from the point of environmental view. The
nanoparticles are added to the drilling mud in small amounts,
with low concentration of the order of 1% [2–7]. Nanotechnol-
ogy is one of the most active research areas and useful applica-
tions that has gradually established itself in the last two
decades. Nanoparticles belong to be prospective materials in
the field of petroleum and civil engineering. The nanoFe2O3
improved the workability, setting time, mechanical strength,
and water absorption and durability properties of cementitious
material [8]. The effects of nanoFe2O3 up to 5% by the weight
of the cement on compressive strength, flexural strength and
splitting tensile strength at different curing time studied by
[9]. The results of all strengths showed an increase with the
addition of nanoFe2O3, at all ages. The nanoparticles in the
drilling mud may also provide better control of both the fluid
loss to the formation and the initial spurt loss [6]. Previous
studies have shown that the nanomaterial reduced friction
between steel and paraffin as base fluid, and improved the
rheological properties of drilling mud at elevated temperatures
[1–10]. Nanoparticles can improve the smart materials which
develop properties such as durability, mechanical perfor-
mance, electrical and conductivity insulation [2–6].Please cite this article in press as: A.S. Mohammed, Eﬀect of temperature on the rh
bentonite drilling muds, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.20Mathematical modeling studied concerning the well and
pipeline flow of thixotropic drilling muds and crude oils.
Drilling muds (oil-based muds, water-based muds) exhibit
complex rheological behavior (Bingham or Herschel–Bulkley
model). The limitations of the mathematical modeling stud-
ies concerning thixotropic drilling mud and crude oil flows
have two main causes. Despite recent advancements in tools
such as quality HTHP/LT (high-temperature/high-pressure/
low temperature) viscometers, a unified rheological model
valid for a wide range of pressures, temperatures, and flow
regimes which could account for complex rheological effects
such as thixotropic and yield stress still does not exist [11].
Drilling mud properties such as shear stress and shear strain
rate relationship, yield stress (so) and maximum shear stress
play an important role in designing and optimizing the per-
formance of drilling fluids. Non-Newtonian fluids do not
conform to direct proportionality between shear stress and
shear strain rate and there are limitations on the relation-
ships that are being used to describe the rheological proper-
ties of drilling fluids. For shear thinning fluids the shear
stress- shear strain rate relationship is nonlinear with a limit
on the maximum shear stress tolerance. Hyperbolic trends
have been observed in many other engineering and environ-
mental applications [4]. Hyperbolic model proposed to repre-
sent the change in grouted sand properties with curing time
[12]. Hyperbolic model relationship used to predicate
the relation between compressive and tensile strength of
sulfate contaminated CL soils with and without polymer
treatment [4].
In this study, enhancing the rheological properties of ben-
tonite drilling mud modified with nanoFe2O3 at different tem-
peratures was tested and quantified. At least three samples
were tested for each condition.2. Objectives
The overall objective was to quantify the effect of temperature
on the rheological properties of bentonite drilling mud
modified with nanoFe2O3. The specific objectives are as
follows:
(i) Characterize using XRD and TGA the modification to
the bentonite water based drilling mud with the addition
of nanoFe2O3.
(ii) Quantify the shear stress–shear strain rate relationship
of bentonite drilling mud modified with varying
amounts of nanoFe2O3 at different temperatures using
the hyperbolic model and compare it to the current non-
linear model.
3. Materials and methods
3.1. Iron oxide nanoparticle (nanoFe2O3)
Iron oxide nanopowder (nanoFe2O3) with the grain size of
30 nm, specific surface area of 38 m2/g and bulk density of
0.25 g/cm3 and purity of 99.0+% were purchased from
Aldrich, USA and used for this study [13].eological properties with shear stress limit of iron oxide nanoparticle modiﬁed
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Figure 1 XRD pattern (a) bentonite clay and (b) nanoFe2O3.
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In this study, commercially available bentonite was used.
Chemical composition of the bentonite has been identified
using X-ray diffraction as shown in Fig. 1(a)
3.3. XRD characterization
An X-ray diffraction (XRD) analyses was performed in order
to determine the chemical composition of bentonite and
nanoFe2O3 at 25 C. The XRD pattern of the particles was
obtained using the Siemens D5000 powder X-ray diffraction
device. XRD analyses were performed on bentonite passing
sieve No. 200 (75 lm). The powder (2 g) was placed in an
acrylic sample holder (3 mm) depth. The samples were analyzed
by using parallel beam optics with CuKa radiation at 40 kVTable 1 TGA results for bentonite and nanoFe2O3.
Weight change (%)
Temperature range (25–120) C (120–400) C
Type of sample
Bentonite 6.40 1.26
nanoFe2O3 0.11 +1.11
Bentonite + 1% nanoFe2O3 0.33 0.46
Please cite this article in press as: A.S. Mohammed, Eﬀect of temperature on the rh
bentonite drilling muds, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.20and 30 mA. The samples were scanned for reflections (2h) from
0 to 90 in steps of 0.02 and 2 s count time per step [16].
3.4. Thermogravimetric analysis (TGA)
Thermogravimetric analyses curves, mass loss (TGA) and rate
of mass loss (derivative with respect to temperature) (DTG)
were quantified using a Setaram TGA 500 apparatus at a heat-
ing rate of 10 C/min for a mass sample of about 20 mg. The
sample was loaded in a platinum pan (¾ full). This was fol-
lowed by introduction of N2 gas into the TGA compartment
for 5 min to purge the likely oxygen in the environment of
the system. After the purging, the sample was heated in the
N2 atmosphere from room temperature to the maximum of
800 C [16]. The weight loss percentage and temperature rela-
tionships were obtained for the samples. In this study, the
TGA and TG curves were obtained for bentonite, nanoFe2O3
and bentonite modified with 1% of nanoFe2O3.
4. Rheological properties
The rheological properties yield stress (so), plastic viscosity
(PV), apparent viscosity (AV), gel strength 10 s (Gel 1000) and
gel strength 10 min (Gel 100) of the drilling mud were mea-
sured. In this study the bentonite content in drilling mud
was varied up to 6% by the weight of water. Bentonite drilling
mud modified with varying amount of nanoFe2O3 up to 1% by
total weight of drilling mud was tested in the temperature
range of 25 C–85 C using a viscometer with the speed range
of 0.3–600 rpm (shear strain rate of 1024 s1). In this study
more than 100 tests were conducted to evaluate the effect of
nanoFe2O3 on rheological properties of drilling mud.
5. Modeling
5.1. Rheological modeling
5.1.1. Bingham plastic model (1916)
The Bingham plastic model was the first two-parameter model
that gained widespread acceptance in the drilling industry and
is represented as follows.
s ¼ YPþ ðPV  _cÞ ð1Þ
where s, shear stress (Pa); YP, yield point (Pa); PV, plastic vis-
cosity (cP); _c, shear strain rate (s1).
The drilling mud showed non-linear shear thinning behav-
ior with a yield stress. Based on the test results, following con-
ditions have to be satisfied for the model to represent the
observed behavior.(400–600) C (600–800) C Total (%)
1.61 3.73 13.0
+0.40 0.10 +1.30
0.27 0.10 1.16
eological properties with shear stress limit of iron oxide nanoparticle modiﬁed
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bentonite drilling muds, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.20Hence the conditions are as follows:s ¼ so when _c ¼ 0
ds
d _c
> 0 ð2Þ
d2s
d _c2
< 0 ð3Þ
_c!1) s ¼ s ð4Þ
The rheological models used for predicting the shear thin-
ning behavior of bentonite drilling muds are as follows:
5.1.2. Herschel–Bulkley model (1926)
The Bingham plastic model includes both yield stress (so) and a
limiting viscosity (l) at finite shear rates, which the Power law
model fails to consider. For a nonlinear flow relationship
shear-thinning or shear thickening behavior may be observed
and the assumption of constant plastic viscosity is not valid.
The Herschel–Bulkley model (Eq. (5)) defines a fluid with three
parameters and can be represented mathematically as follows:
s ¼ so1 þ k  ð _cÞn ð5Þ
where s, so1, _c, k and n represent the shear stress, yield stress,
shear strain rate, correction parameter and flow behavior index
respectively. For s< so the material remains rigid. The model
assumes that below the yield stress (so), the slurry behaves as a
rigid solid, similar to the Bingham plastic model. For s> so
the material flows as a Power law fluid. The exponent n
describes the shear thinning and shear thickening behavior.
Slurries are considered as shear thinning when n< 1 and shear
thickening when n> 1. A fluid becomes shear thinning when
the apparent viscosity decreases with the increase in shear
strain rate.
Hence the model should satisfy the following conditions
(Eqs. (2)–(4)).
ds
d _c
¼ k  n  _cðn1Þ > 0) k  n > 0 ð6Þ
d2s
d _c2
¼ k  nðn 1Þ  _cðn2Þ ) k  n  ðn 1Þ < 0 ð7Þ
As shown in Eqs. (6) and (7), one condition when both Eqs.
(2) and (3) will be satisfied only is as follows:
0 < n< 1 and k > 0.
From the Eq. (5)
when _c!1) smax: ¼ 1
Hence Herschel–Bulkley model doesn’t satisfy the upper
limit condition for the shear stress limit.
5.1.3. Hyperbolic rheological model (2014)
Hyperbolic relationship has been used to present the behavior
of cement and polymer modification soils [12–15]. Hyperbolic
relationship between shear stress with shear strain rate of oil
well cement slurry with different temperature was investigated
[13]. Relationship between shear stress with shear strain rate of
nanoFe2O3 modified bentonite was investigated. Based on the
inspection of the test data the following relationship is
proposed:
s so2 ¼ _cðA  _cÞ þ B ð8Þeological properties with shear stress limit of iron oxide nanoparticle modiﬁed
16.10.018
Table 3 Nonlinear model parameters for nanoFe2O3 modified drilling mud.
Model parameters a b c d e f g No. of data R2 RMSE
so1 (Pa) 1.8 3 0.9 5.6 0.86 0.1 0.19 35 0.94 1.52
k (Pa.sn) 0.6 3.1 0.7 2.1 1 1.6 0.3 23 0.91 1.26
n 0.03 0.6 0.24 0.1 0.4 0.4 0.004 25 0.86 0.04
so2 (Pa) 1.9 3 0.8 5.3 0.9 0.08 0.22 35 0.95 1.51
A (Pa)1 0.0001 2.1 0.4 0.003 0.4 0.5 0.07 30 0.94 0.04
B (Pa.s1) 1.5 0.4 1.3 4E05 0.5 3 0.13 23 0.83 1.72
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Figure 2 Thermogravimetric analysis (TGA) result on bentonite
clay and nanoFe2O3 and a mixture (a) TGA and (b) DTG.
Effect of temperature on the rheological properties of drilling muds 5where s: shear stress (Pa); so2: yield stress (Pa); A (Pa)
1;
B (Pa.s)1 and are model parameters (Table 2) and _c: shear
strain rate (s1).
ds
d _c ¼ ðBþA _cÞ_cAðBþA_cÞ2 ¼ BðBþA _cÞ2 > 0) B > 0
d2s
d _c2 ¼ 2BAðBþA _cÞ4 < 0) A > 0
Also when _c!1) smax ¼ 1
A
þ so2 ð9Þ
Hence this model has a limit on the maximum shear stress;
the fluid will produce at relatively high rate of shear strains.
6. Comparison of model predictions
In order to determine the accuracy of the model predictions
with the experimental data, both coefficient of determinationPlease cite this article in press as: A.S. Mohammed, Eﬀect of temperature on the rh
bentonite drilling muds, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.20(R2) and the root mean square error (RMSE) in curve fitting
as defined in Eqs. (10) and (11) were quantified as follows:
RMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPn
i¼1ðyi  xiÞ2
N
s
ð10Þ
R2 ¼
P
iðxi  xÞðyi  yÞﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
iðxi  xÞ2
q

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
iðyi  yÞ2
q
0
B@
1
CA
2
ð11Þ
where yi= experimental test value; xi = predicted value by
the model; y=mean of the experimental values; x=mean
of the predicted values and N is the number of data points.
7. Nonlinear model parameters (NLM)
The model parameters so1, so2, k, n, A and B were influenced by
the composition of the drilling muds. It is being proposed to
relate the model parameters to the independent variables (ben-
tonite content, temperature and nanoFe2O3 content) using a
nonlinear power relationship as proposed by [2]. The effects
of bentonite and nanoFe2O3 were separated as follows:
Model Parameters ðso1; so2; k; n;A;BÞ
¼ a  ðBÞbðTÞc þ d  ðBÞe  ðTÞ fðnanoFe2O3Þ g ð12Þ
where: a, b, c, d, e, f and g are the nonlinear model parameters
(Table 3), T: temperature (C), B: bentonite content (%) and
nanoFe2O3: iron oxide nanoparticles content (%).
The NLM parameters were obtained from multiple regres-
sion analyses using the least square method. The NLM model
parameters are summarized in Table 3.
8. Results and analysis
8.1. XRD
The bentonite used in this study had montmorillonite (MMT)
(hydrated sodium calcium aluminum magnesium silicate
hydroxide (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2nH2O) (2h peaks
at 7.50, 27.13, 35.10, and 60.00), kaolinite (Al2Si2O5(OH4))
(2h peak at 11.88 and 42.10), feldspar (Albite) (NaAlSi3O8)
(2h peaks at 14.32, 21.02 and 29.40), beidellite (Na,Ca0.5)0.3-
Al((Si, Al)4O10)(OH)2nH2O (2h peak at 62.04 and 73.86)
and quartz (SiO2) (2h peaks at 20.09 and 50.10) as shown in
Fig. 1(a). The nanoFe2O3 had iron oxide (Fe2O3) (2h peaks
at 24.48, 35.92, 41.20, 54.40, 57.92, 62.72, 62.28and
72.16) and iron oxide (Fe2O4) (2h peaks at 49.76) as shown
in Fig. 1(b).eological properties with shear stress limit of iron oxide nanoparticle modiﬁed
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Figure 3 Measured and predicted shear stress–shear strain rate relationship for 2% bentonite drilling muds modified with nanoFe2O3 at
different temperatures (a) nanoFe2O3 = 0% (b) nanoFe2O3 = 0.2% (c) nanoFe2O3 = 0.6% and (d) nanoFe2O3 = 1%.
6 A.S. Mohammed8.2. TGA analysis
The thermogravimetric analysis (TGA) and differential ther-
mogravimetric (DTG) results were obtained for bentonite,
nanoFe2O3 and bentonite modified with 1% nanoFe2O3.
Dehydration of bentonite and nanoFe2O3 was carried out in
three stages as shown in Fig. 2; below 120 C, free water (water
not linked to the exchangeable cation and water between clay
particles); between 120 C and 400 C, water linked to the
exchangeable cation of the smectite. The weight loss between
400 C and 600 C is due to the dehydration of the clay miner-
als such as aluminum silicate and between 600 C and 800 C
the dehydration of calcium silicate as shown in Fig. 1 [14].
The heating rate used in these tests was 10 C/min which does
not allow equilibrium of weight loss at 105 C (standard tem-
perature for determining free water), as shown in Fig. 2(b).
Total weight loss for bentonite between 25 C and 120 C
was 6.4% and for nanoFe2O3 was 0.11% and it decreased to
0.33% when the bentonite modified with 1% nanoFe2O3 as
summarized in Table 1. The nanoFe2O3 treatment strongly
modified the free water dehydration (25 C–120 C). When
the temperature changed from 120 C to 400 C, the weight
loss of the bentonite increased to 1.26% but the weight of
the nanoFe2O3 increased to 1.11% as summarized in Table 1.
For temperature range between 400 C and 600 C, the total
weight loss for bentonite was 1.61% and for nanoFe2O3 was
+0.4% as summarized in Table 1. When the temperaturePlease cite this article in press as: A.S. Mohammed, Eﬀect of temperature on the rh
bentonite drilling muds, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.20changed from 600 C to 800 C, the weight loss increased to
3.73% for bentonite and decreased to 0.1% for the nanoFe2O3
respectively as summarized in Table 1. The total weight loss of
the bentonite modified with 1% nanoFe2O3 was 1.16% up to a
temperatures range of 800 C as summarized in Table 1. Addi-
tion of 1% of nanoFe2O3 (by total weight of drilling mud) to
the bentonite decreased the total weight loss at 800 C for ben-
tonite from 13% to 1.16%, a 91% reduction as summarized in
Table 1. That is also indicative of nanoFe2O3 interacting with
the bentonite particles.9. Constitutive rheological models
Shear stress–shear strain rate relationships were predicted
using the Bingham plastic model, Herschel–Bulkley model
and the hyperbolic model predictions are compared with the
Herschel–Bulkley model as shown in Figs. 3–5.
9.1. Bingham plastic model
9.1.1. Yield point (YP)
Additional of bentonite and nanoFe2O3 increased the yield
point (YP) of the drilling mud. YP of drilling mud increased
from 2 Pa to 26 Pa when the bentonite content changed from
2% to 6% at 25 C as shown in Fig. 6. Additional of 1% of
nanoFe2O3 to drilling mud with 2% and 6% bentoniteeological properties with shear stress limit of iron oxide nanoparticle modiﬁed
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Figure 4 Measured and predicted shear stress–shear strain rate relationship for 4% bentonite drilling muds modified with nanoFe2O3 at
different temperatures (a) nanoFe2O3 = 0% (b) nanoFe2O3 = 0.2% (c) nanoFe2O3 = 0.6% and (d) nanoFe2O3 = 1%.
Effect of temperature on the rheological properties of drilling muds 7increased the yield point (YP) from 2 Pa to 6.7 Pa and from
26 Pa to 41.3 Pa respectively at room temperature as shown
in Fig. 6. The YP of drilling mud with 2% and 6% bentonite
content modified with 1% nanoFe2O3 decreased by 25% and
29% respectively with increasing the temperature from 25 C
to 85 C as shown in Fig. 6.
9.1.2. Plastic viscosity (PV)
The PV for the drilling muds with 2% and 6% of bentonite
content were 6.7 cP and 28.1 cP respectively as shown in
Fig. 7. When the bentonite of drilling mud with 2% and 6%
bentonite was modified using 1% nanoFe2O3 (by total weight
of drilling mud) at room temperature PV was increased by
84% and 62% respectively as shown in Fig. 7. Increasing the
temperature from 25 C to 85 C for drilling mud with 6%
of bentonite modified with 1% of nanoFe2O3 decreased the
PV from 45.6 cP to 33.6 cP as shown in Fig. 7(b).
9.1.3. Apparent viscosity (AV)
The AV for the drilling muds with 2% and 6% of bentonite
content were 7.7 cP and 41.1 cP respectively as shown in
Fig. 8. Bentonite drilling mud with 1% nanoFe2O3 (by total
weight of drilling mud) at room temperature increased AV
from 104% to 61% based on the amount of bentonite in the
drilling mud as shown in Fig. 8. Increasing the temperature
from 25 C to 85 C for drilling mud with 6% of bentonitePlease cite this article in press as: A.S. Mohammed, Eﬀect of temperature on the rh
bentonite drilling muds, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.20modified with 1% of nanoFe2O3 decreased the AV from 66.3
cP to 48.3 cP as shown in Fig. 8(b).
9.2. Herschel–Bulkley model (1926)
9.2.1. 2% bentonite
The shear thinning behavior of 2% bentonite drilling mud with
and without nanoFe2O3 was modeled using the Herschel–
Bulkley model (Eq. (5)) up to a shear strain rate of 1024 s1
(600 rpm). The coefficient of determination (R2) varied from
0.98 to 0.99 as summarized in Table 2. The root mean square
of error (RMSE) varied from 0.18 Pa to 0.96 Pa as summa-
rized in Table 2. The yield stress (so1) for the 2% bentonite
drilling mud at a temperature of 25 C was 3.8 Pa, with
increasing the temperature of the drilling mud to 85 C, the
yield stress (so1) decreased to 0.5 Pa, a 87% reduction as sum-
marized in Table 2. Addition of 1% of nanoFe2O3 to the 2%
bentonite drilling mud at room temperature increased the yield
stress (so1) by 82% as summarized in Table 2. The model
parameter k for the 2% bentonite drilling mud decreased from
1.42 Pa.sn to 0.27 Pa.sn when the temperatures of the drilling
mud increased from 25 C to 85 C as summarized in Table 2.
Addition of 1% of nanoFe2O3 to the 2% bentonite drilling
mud at room temperature increased the parameter k from
1.42 Pa.sn to 7.18 Pa.sn as summarized in Table 2. The model
parameter n for the 2% bentonite drilling mud increased fromeological properties with shear stress limit of iron oxide nanoparticle modiﬁed
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Figure 5 Measured and predicted shear stress–shear strain rate relationship for 6% bentonite drilling muds modified with nanoFe2O3 at
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8 A.S. Mohammed0.414 to 0.537 when the temperatures of the drilling mud
increased from 25 C to 85 C as summarized in Table 2. Addi-
tion of 1% of nanoFe2O3 to the 2% bentonite drilling mud at
room temperature decreased the parameter n from 0.414 to
0.304 as summarized in Table 2.
9.2.2. 4% bentonite
The relationships between shear stress with shear strain rate
for 4% bentonite drilling mud with and without nanoFe2O3-
was modeled using the Herschel–Bulkley model (Eq. (5)) up
to a shear strain rate of 1024 s1 (600 rpm). The coefficient
of determination (R2) varied from 0.98 to 0.99 as summarized
in Table 2. The root mean square of error (RMSE) varied from
0.20 Pa to 1.30 Pa as summarized in Table 2. The yield stress
(so1) for the bentonite drilling mud without nanoFe2O3 at a
temperature of 25 C was 11.8 Pa, with increasing the temper-
ature of the drilling mud to 85 C, the yield stress (so1)
decreased to 3.3 Pa, a 87% reduction as summarized in Table 2.
Addition of 1% of nanoFe2O3 to the 4% bentonite drilling
mud at room temperature increased the yield stress (so1) by
82% as summarized in Table 2. The model parameter k for
the 4% bentonite drilling mud decreased from 1.52 Pa.sn to
0.26 Pa.sn when the temperatures of the drilling mud increased
from 25 C to 85 C as summarized in Table 2. Addition of 1%
of nanoFe2O3 to the 4% bentonite drilling mud at room tem-
perature increased the parameter k from 1.52 Pa.sn to 26.14 Pa.
sn as summarized in Table 2. The model parameter n for thePlease cite this article in press as: A.S. Mohammed, Eﬀect of temperature on the rh
bentonite drilling muds, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.204% bentonite drilling mud increased from 0.372 to 0.493 when
the temperatures of the drilling mud increased from 25 C to
85 C as summarized in Table 2. Addition of 1% of nanoFe2-
O3 to the 4% bentonite drilling mud at room temperature
decreased the parameter n from 0.372 to 0.172 as summarized
in Table 2.
9.2.3. 6% bentonite
The relationships between shear stress with shear strain rate of
6% bentonite drilling mud with and without nanoFe2O3 was
modeled using Herschel–Bulkley model (Eq. (5)) up to a shear
strain rate of 1024 s1 (600 rpm). The coefficient of determina-
tion (R2) varied from 0.98 to 0.99 as summarized in Table 2.
The root mean square of error (RMSE) varied from 0.50 Pa
to 2.25 Pa as summarized in Table 2. The yield stress (so1)
was higher than 4% bentonite drilling mud. The yield stress
(so1) for the 6% bentonite drilling mud without nanoFe2O3
at a temperature of 25 C was 26.5 Pa with increasing the tem-
perature of the drilling mud to 85 C, the yield stress (so1)
decreased to 8.3 Pa, a 69% reduction as summarized in Table 2.
Additional of 1% of nanoFe2O3 to the 6% bentonite drilling
mud at room temperature increased the yield stress (so1) by
43% as summarized in Table 2. The model parameter k for
the 6% bentonite drilling mud without nanoFe2O3 decreased
from 10.43 Pa.sn to 9.92 Pa.sn when the temperature of the
drilling mud increased from 25 C to 85 C as summarized in
Table 2. Additional of 1% of nanoFe2O3 to the 6% bentoniteeological properties with shear stress limit of iron oxide nanoparticle modiﬁed
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Effect of temperature on the rheological properties of drilling muds 9drilling mud at room temperature increased the parameter k
from 10.43 Pa.sn to 14.15 Pa.sn as summarized in Table 2.
The model parameter n for the 6% bentonite drilling mud
without nanoFe2O3 increased from 0.175 to 0.379 when the
temperatures of the drilling mud increased from 25 C to
85 C as summarized in Table 2. Addition of 1% of nanoFe2-
O3 to the 6% bentonite drilling mud at room temperature
increased the parameter n from 0.175 to 0.292 as summarized
in Table 2.
9.2.3.1. Parameter so1. Based on the nonlinear model parame-
ter a (Eq. (12)), bentonite content had the highest effect on
increasing the yield stress (so1) compared to parameters k
and n. NLM parameter d indicated that addition of nanoFe2-
O3 had the highest effect on increasing the yield stress (so1)
compared to parameter k and n as summarized in Table 3.
9.2.3.2. Parameter k. Based on the nonlinear model parameter
a (Eq. (12)), bentonite content had the second highest effect on
increasing the parameter k compared to parameters so1 and n.
NLM parameter d indicated that addition of nanoFe2O3 had
the second highest effect on increasing the parameter k com-
pared to parameters so1 and n as summarized in Table 3.
9.2.3.3. Parameter n. Of the three model parameters, bentonite
content (parameter a) had the least effect on parameter n com-
pared to parameters so1 and k as summarized in Table 3. Based
on the NLM parameter d, addition of nanoFe2O3 had also
least effect on increasing the parameter n.Please cite this article in press as: A.S. Mohammed, Eﬀect of temperature on the rh
bentonite drilling muds, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.209.3. Hyperbolic model (2014)
9.3.1. 2% bentonite
The shear thinning behavior of 2% bentonite drilling mud with
and without nanoFe2O3 was modeled using the Hyperbolic
model (Eq. (8)) up to a shear strain rate of 1024 s1
(600 rpm). The coefficient of determination (R2) varied from
0.98 to 0.99 as summarized in Table 2. The root mean square
of error (RMSE) varied from 0.31 Pa to 0.86 Pa as summa-
rized in Table 2. The yield stress (so2) for the bentonite drilling
mud without nanoFe2O3 at a temperature of 25 C was 3.2 Pa,
with increasing the temperature of the drilling mud to 85 C,
the yield stress (so1) decreased to 0.5 Pa, a 84% reduction as
summarized in Table 2. Addition of 1% of nanoFe2O3 to the
2% bentonite drilling mud at room temperature increased
the yield stress (so2) from 3.2 Pa to 7.2 Pa as summarized in
Table 2. The model parameter A for the 2% bentonite drilling
mud without nanoFe2O3 increased from 0.036 Pa
1 to
0.081 Pa1 when the temperatures of the drilling mud
increased from 25 C to 85 C as summarized in Table 2. Addi-
tion of 1% of nanoFe2O3 to the 2% bentonite drilling mud at
room temperature decreased the parameter A from 0.036 Pa1
to 0.019 Pa1 as summarized in Table 2. The model parameter
B for the 2% bentonite drilling mud without nanoFe2O3
increased from 13.62 Pa.s1 to 38.03 Pa.s1 when the temper-
atures of the drilling mud increased from 25 C to 85 C as
summarized in Table 2. Addition of 1% of nanoFe2O3 to theeological properties with shear stress limit of iron oxide nanoparticle modiﬁed
16.10.018
05
10
15
20
25
0 20 40 60 80 100
Ge
l S
tr
en
gt
h 
(1
0"
), 
Ge
l1
0"
 (I
b/
10
0
2 )
Temperature, T (oC)
Bentonite,B=2%
NanoFe2O3=0%
NanoFe2O3=0.2%
NanoFe2O3=0.6%
NanoFe2O3=1%
34
22
19
44
40
37
48
46
40
51
48
44
0
10
20
30
40
50
60
25 55 85
Ge
l S
tr
en
gt
h 
(1
0"
), 
Ge
l1
0"
 (I
b/
10
0
2 )
Temperature, T (oC)
Bentonite,B=6% NanoFe2O3=0%
NanoFe2O3=0.2%
NanoFe2O3=0.6%
NanoFe2O3=1%
-a- 
-b- 
Figure 9 Variation of gel strength (10 s) with temperature for the
bentonite drilling muds modified with different percentage of
nanoFe2O3 (a) 2% bentonite and (b) 6% bentonite.
7.7
4.2
2.3
10.7
7.6
6.0
14.3
11.6
8.9
15.7
12.3
10.5
0
2
4
6
8
10
12
14
16
18
25 55 85
Ap
pa
re
nt
  V
is
co
si
ty
, A
V 
(c
P)
 
Temperature, T (oC)
2% Bentonite
NanoFe2O3=0%
NanoFe2O3=0.2%
NanoFe2O3=0.6%
NanoFe2O3=1%
0
10
20
30
40
50
60
70
0 20 40 60 80 100
Ap
pa
re
nt
  V
is
co
si
ty
, A
V 
(c
P)
 
Temperature, T (oC)
6% Bentonite
NanoFe2O3=0%
NanoFe2O3=0.2%
NanoFe2O3=0.6%
NanoFe2O3=1%
-a- 
-b-
Figure 8 Variation of apparent viscosity with temperature for
the bentonite drilling muds modified with different percentage of
nanoFe2O3 (a) 2% bentonite and (b) 6% bentonite.
10 A.S. Mohammed2% bentonite drilling mud at room temperature decreased the
parameter B from 13.62 Pa.s1 to 3.49 Pa.s1 as summarized
in Table 2.
9.3.2. 4% bentonite
The relationships between shear stress with shear strain rate
for 4% bentonite drilling mud with and without nanoFe2O3-
was modeled using the Hyperbolic model (Eq. (8)) up to a
shear strain rate of 1024 s1 (600 rpm). The coefficient of
determination (R2) varied from 0.98 to 0.99 as summarized
in Table 2. The root mean square of error (RMSE) varied from
0.28 Pa to 1.11 Pa as summarized in Table 2. The yield stress
(so2) for the bentonite drilling mud without nanoFe2O3 at a
temperature of 25 C was 12 Pa, with increasing the tempera-
ture of the drilling mud to 85 C, the yield stress (so2)
decreased to 3.6 Pa, a 70% reduction as summarized in Table 2.
Addition of 1% of nanoFe2O3 to the 4% bentonite drilling
mud at room temperature increased the yield stress (so2) by
83% as summarized in Table 2. Addition of 1% of nanoFe2O3
to the 4% bentonite drilling mud at room temperature
decreased the parameter A from 0.044 Pa1 to 0.016 Pa1 as
summarized in Table 2. The model parameter B for the 4%
bentonite drilling mud without nanoFe2O3 increased from
12.37 Pa.s1 to 51.20 Pa.s1 when the temperatures of the dril-
ling mud increased from 25 C to 85 C as summarized in
Table 2. Addition of 1% of nanoFe2O3 to the 4% bentonite
drilling mud at room temperature decreased the parameter B
from 12.37 Pa.s1 to 1.60 Pa.s1 as summarized in Table 2.Please cite this article in press as: A.S. Mohammed, Eﬀect of temperature on the rh
bentonite drilling muds, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.209.3.3. 6% bentonite
The relationships between shear stress with shear strain rate of
6% bentonite drilling mud with and without nanoFe2O3 was
modeled using Hyperbolic model (Eq. (8)) up to a shear strain
rate of 1024 s1 (600 rpm). The coefficient of determination
(R2) varied from 0.98 to 0.99 as summarized in Table 2. The
root mean square of error (RMSE) varied from 0.61 Pa to
2.12 Pa as summarized in Table 2. The yield stress (so2) for
the bentonite drilling mud without nanoFe2O3 at a tempera-
ture of 25 C was 26.5 Pa, with increasing the temperature of
the drilling mud to 85 C, the yield stress (so2) decreased to
8.3 Pa, a 69% reduction as summarized in Table 2. Addition
of 1% of nanoFe2O3 to the 6% bentonite drilling mud at room
temperature increased the yield stress (so2) by 47% as summa-
rized in Table 2. Addition of 1% of nanoFe2O3 to the 6% ben-
tonite drilling mud at room temperature decreased the
parameter A from 0.041 Pa1 to 0.010 Pa1 as summarized
in Table 2. The model parameter B for the 6% bentonite dril-
ling mud without nanoFe2O3 increased from 4.18 Pa.s
1 to
14.9 Pa.s1 when the temperatures of the drilling mud
increased from 25 C to 85 C as summarized in Table 2. Addi-
tion of 1% of nanoFe2O3 to the 6% bentonite drilling mud at
room temperature decreased the parameter B from 4.18 Pa.s1
to 1.73 Pa.s1 as summarized in Table 2.
9.3.3.1. Parameter so2. Based on the nonlinear model parame-
ter a (Eq. (12)), bentonite content had the highest effect on
increasing the yield stress compared to parameters A and B.
NLM parameter d indicated that addition of nanoFe2O3 hadeological properties with shear stress limit of iron oxide nanoparticle modiﬁed
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Figure 10 Variation of gel strength (10 min) with temperature
for the bentonite drilling muds modified with different percentage
of nanoFe2O3 (a) 2% bentonite and (b) 6% bentonite.
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Figure 11 Variation of shear stress limit with temperature for
the bentonite drilling muds modified with different percentage of
nanoFe2O3 (a) 2% bentonite and (b) 6% bentonite.
Effect of temperature on the rheological properties of drilling muds 11also the highest effect on increasing the yield stress (so2) com-
pared to parameters A and B as summarized in Table 3.
9.3.3.2. Parameter A. Based on the nonlinear model parameter
a (Eq. (12)), bentonite content had the second highest effect for
reducing this parameter compared to parameters so2 and B.
NLM parameter d indicated that addition of nanoFe2O3 had
the second highest effect for increasing the parameter A com-
pared to the yield stress and parameter B as summarized in
Table 3.
9.3.3.3. Parameter B. Based on the nonlinear model parameter
a (Eq. (12)), bentonite content had the highest effect for reduc-
ing this parameter compared to parameters so2 and A. NLM
parameter d indicated that addition of nanoFe2O3 had the
least effect on increasing the parameter B compared to the
yield stress and parameter A as summarized in Table 3.
10. Rheological properties
Rheology of the drilling mud formulated with different per-
centages of bentonite (B) up to 6%, and varying the amount
of nanoFe2O3 up to 1% at different temperatures were studied.
Yield point (YP), plastic viscosity (PV), apparent viscosities
(AV), and gel strengths (Gel) were measured according to
API specifications. YP and PV were determined based on
Bingham plastic model. Rheology properties of the drilling
muds are summarized as follows:Please cite this article in press as: A.S. Mohammed, Eﬀect of temperature on the rh
bentonite drilling muds, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2010.1. Gel strength (Gel)
10.1.1. Gel strength 10 s (Gel1000)
The Gel1000 of drilling mud at room temperature varied from
10 Ib/100 ft2 to 51 Ib/100 ft2 based on the bentonite content
in the drilling mud as shown in Fig. 9. Addition of 1% of
nanoFe2O3 to the drilling mud increased the Gel10
0 by 50–
130% based on the bentonite content as shown in Fig. 9.
Increasing the temperature to 85 C decreased the Gel1000 of
the 6% bentonite drilling mud modified with 1% of nanoFe2-
O3 by 14% as shown in Fig. 9(b).
10.1.2. Gel strength 10 min (Gel100)
The Gel100 of drilling mud with 2% up to 6% of bentonite
without nanoFe2O3 at room temperature varied from
16 lb/100 ft2 to 60 lb/100 ft2 as shown in Fig. 10. Addition of
1% of nanoFe2O3 to the 6% bentonite drilling mud at room
temperature increased the Gel1000 by 58% as shown in
Fig. 10(b). Increasing the temperature to 85 C reduced the
Gel100 of the drilling mud and with 6% of the drilling mud
the reduction was 28% as shown in Fig. 10(b).
11. Maximum shear stress (smax.)
Based on Eq. (9) the hyperbolic model has a limit on the max-
imum shear stress the fluid will produce at relatively high rate
of shear strains. The smax for drilling mud with 2%, 4% and
6% of bentonite at room temperature were 25 Pa, 35 Pa andeological properties with shear stress limit of iron oxide nanoparticle modiﬁed
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12 A.S. Mohammed51 Pa respectively as summarized in Table 2. Increasing the
temperature of drilling mud with 2%, 4% and 6% of bentonite
from 25 C to 85 C decreased the maximum shear stress of
drilling mud to 13 Pa, 14 Pa and 29 Pa respectively as summa-
rized in Table 2. Additional 1% of nanoFe2O3 increased the
maximum shear stress for drilling mud with 2%, 4% and
6% of bentonite at a temperature of 25 C by 136%, 140%
and 175% respectively as shown in Fig. 11.
Hence the effects of bentonite and nanoFe2O3 at different
temperatures on the maximum shear stress of the drilling muds
were separated as follows:
smax ¼ 2  ðBÞ  ðTÞ0:3 þ 6:2  ðBÞ3  ðTÞ0:8
 ðnanoFe2O3Þ0:26 ð13Þ
The NLM parameters were obtained from multiple regres-
sion analyses using the least square method. The coefficient of
determination (R2) for the 35 data was 0.83.
12. Conclusions
In this study, rheological properties including yield stress and
maximum shear stress tolerance of nanoFe2O3 modified ben-
tonite drilling mud was investigated. Based on the experimen-
tal study and modeling following conclusions are advanced:
1. Yield point (YP) of drilling mud increased with increasing
of bentonite and nanoFe2O3 contents. Increasing the ben-
tonite content in the drilling mud from 2% to 6% increased
the yield stress from 2 Pa to 26 Pa at room temperature.
Additional of 1% nanoFe2O3 increased the YP by 60%
to 200% based on the bentonite content and temperature.
2. Plastic viscosity (PV) of drilling mud increased from 6.7 cP
to 28.1 cP when the bentonite content increased from 2% to
6% at room temperature. Additional of 1% nanoFe2O3
increased the PV up to 85% based on the bentonite content
and temperature.
3. Apparent viscosity (AV) of drilling mud increased from 7.7
cP to 41.1 cP when the bentonite content increased from
2% to 6% at room temperature. The AV increased by
61% to 103% based on the bentonite content and the tem-
perature of the drilling mud.
4. The hyperbolic model better predicted the rheological prop-
erties of the bentonite drilling muds with and without
nanoFe2O3 based on the coefficient of determination (R
2)
and root mean square of error (RMSE).
5. The hyperbolic model predicted the maximum shear stress
tolerance of each drilling mud. Other model predicted infi-
nite shear stress tolerance for the drilling mud.Please cite this article in press as: A.S. Mohammed, Eﬀect of temperature on the rh
bentonite drilling muds, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.206. Using nonlinear relationship the model parameters were
related to the composition of the drilling mud. Nonlinear
model was effective in identifying the contribution of each
constituent (bentonite and nanoFe2O3).
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